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I n  recent  years there  has been a rev iva l  of i n t e r e s t  i n  the thermal con- 

The advent of t h e  space age has i n  p a r t i c u l a r  D y  ductance of meta l l ic  contacts. 

st imulated an i n t e r e s t  i n  the thermal conductance of meta l l ic  contacts i n  a 

vacuum environment. This paper reports a series of measurements made on i n -  

te r faces  composed of molybdenum and s t a i n l e s s  s t e e l  304 surfaces i n  a vacuum 

of lo-' Torr. 

When two meta l l ic  surfaces a r e  placed i n  contact, they do not touch each 

other  over the e n t i r e  apparent area of contact because of the  microscopic 

i r r e g u l a r i t i e s  of t h e  surfaces. 

The heat t r a n s f e r  across the  in te r face  w i l l  occur i n  t h e  following modes: 

(1) Metal l ic  conduction 

( 2 )  Conduction through the  material  i n  voids, i f  any 

(3) Radiation 

I n  a vacuum environment the second mode w i l l  e s s e n t i a l l y  be eliminated, 

and i t  is  evident t h a t  the  thermal conductance w i l l  l a rge ly  be determined by 

' 

t h e  extent  of real meta l l ic  contact present. 

,actual  contact i s  a very small f ract ion of the  apparent &rea of contact. 

I n  most cases t h e  amount of 
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- Application of pressure to the interface will cause deformation of the 

increasing surface loading. 

EXPl3RIMJWI'AL PROCEDURE 

This paper concerns an experimental investigation of the thermal conduc- 

tance of molybdenum and stainless steel interfaces over ranges of interface 

temperature from 200° to llOOo F and interface contact pressure from 80 to 

800 psi in a vacuum of Torr.: 

The experimental apparatus is shown in Figs, 1 to 3. Thermal energy is 

supplied by means of induction heating to the heater head shown in Fig. 1. 

The heat flows along the cylindrical test shaft, across the test interface, 

and through the copper heat-flow meter and is removed by either air or water 

cooling at the bottom. 

The magnitude of the heat flow is determined by measuring the temperature 

gradient along the copper heat-flow meter- The heat-flow meter is a length 

of high-purity, oxygen-free copper for which the thermal conductivity is known. 

The thermal conductivity values used were taken from [11 

in Fig. 4. 

1 and are presented 

The temperatures of the surfaces comprising the test interface are ob- 

tained by measuring the temperatures on either side of the test interface and 

extrapolating these temperatures to the appropriate surface. 
~ 

'Numbers in brackets designate References at end of paper. 
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. The thermal conductance is calculated according to the following defini- 

+<e- -0 +LA n--a.,,,+,.-,,?.. 
l J L W 1 1  VI U L L G  L w I L U U L u a I r L L . .  

where h is the thermal conductance, Q is the heat-flow rate, A is the 

apparent contact area, and ATi 

The interface contact pressure is provided by loading of the test shaft from 

outside the vacuum region with the air cylinder shown in Fig, 1. The contact 

pressure is determined by measuring the loading force with a load cell placed 

between the air cylinder and the test shaft extension as shown in Fig. L 

is the temperature drop across the interface. 

During the course of the investigation, it was discovered that the 

O-ring seals around the test shaft extension, where it passed through the 

vacuum bell jar, were capable of exerting a fairly large frictional force 

along the axis of the test shaft. 

supporting a load of 45 lb. 

interface contact pressure of about 70 psi. 

that is, the load cell, was not between the O-ring seals and the test inter- 

face, the O-ring friction was capable of introducing a k70 psi uncertainty 

into the interface contact-pressure measurement. This situation was remedied 

by providing a "friction reliever'' in the form of a pulsed hammer that applied 

two sharp blows to the test shaft extension every 30 sect 

sufficient to relieve the O-ring residual forces nearly completely. 

'phis O-ring friction was quite capable of 

A 45-lb load on the test shaft corresponds to an 

Since the l oad  measuring system, 

This action proved 

Four contacts are investigated involving four combinations of surfaces, 

two molybdenum surfaces, Mol and Mo2, and two stainless steel 304 surfaces, 

SS1 and SS2. The characteristics of the various surfaces and combinations 
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are presented in Table 1. 

rnl- - .- - - - . . -- - .__ - 
~ t :  ueaauL-eu leL i t iS  f o r  ariy p a i ' t l c u i ~  iriierruce were ittkeri i n  Yne foiiowing 

sequence. 

to the interface. 

rium situation was attained, at which time the contact pressure was raised 

to the next higher value while approximately the same average interface tem- 

perature was maintained. 

temperature was raised and the measurements were taken through a decreasing 

sequence of contact pressure. 

pressure, with temperature changes occurring at the contact-pressure extremes, 

was repeated until the highest temperatures had been reached. 

Beginning at the lowest temperature, the lowest pressure was applied 

Measurements were made at time intervals until an equilib- 

When the highest pressure had been reached, the 

The increasing and decreasing cycle of contact 

An equilibrium condition was considered to have been attained when the 

measured temperatures exhibited a change of less than 1' or 2' F over two 

or three measurement intervals. Measurement intervals were of 3- or 4-hr 

duration. 

A period of up to 12 hr was required to reach an equilibrium condition 

depending on whether a contact-pressure change or a temperature change had 

been effected. 

time period of 5 to 6 hr, 

for equilibrium to occur. 

After a contact-pressure change, conditions leveled out in a 

A change of temperature required the 12-hr period 

The thermal conductance data are presented in Tables 2 to 5 and Figs, 5 

to 8. 

DISCUSSION OF KESULTS 

One of the most important factors governing the thermal conductance of 
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any.particular interfa 2 is the interface contact pressure. Th-s is not 

e.rnr\n:e:nn o i n n e  Cnn O n 7 7  --.".-I-< .-.,?l.-,-... nnrr -.....-.?--.-- 4 - L -  ---.L--.L --..---.---- 
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will to a large degree determine the extent to which the surfaces make "real" 

contact, 

The effect of surface material can be seen by comparing Figs. 5 and 6 

for the molybdenum-molybdenum and SS 304 - SS 304 interfaces. 
interface displays a much higher thermal conductance than does the stainless 

steel interface at comparable contact pressures. The difference between the 

thermal conductance of the molybdenum interface and the stainless steel in- 

terface, approximately a factor of 5, is about the same difference that exists 

between the thermal conductivities of the two metals, which indicates that 

metallic conduction is perhaps the dominant mode of heat transfer, As 

further evidence for the domination of metallic conduction, Fig. 5 for the 

SS 304 - SS 304 interface presents the thermal conductance for radiation only+ 

This curve was obtained by separating the surface approximately 1/16 in. and 

measuring the heat flow across the resulting gap. From Fig. 5 it is quite 

evident that the thermal conductance for radiation is very small compared to 

the thermal conductance when the surfaces are in contact= 

The molybdenum 

"he thermal conductance of the molybdenum-molybdenum and SS 304 - SS 304 
interfaces tends to increase with increasing interface temperature. 

effect of contact pressure is more pronounced at the higher interface tempera- 

tures. Both of these effects are felt to be associated with the decline of 

material strength at higher temperatures. 

The 

Loss of material strength calls for an increase in ''real" area of con- 

tact to support the applied load. An increase in "real" contact area has 
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the'effect of increasing the interface thermal conductancer 

l-.- --> _ _ _  -n L 1 -  - 7- -1  .^__ 2 -.. 
ALL V I ~ W  VI clue u t j u a v I u r  OP tile o~ie-~~iei&L inierrttce configurations shown 

in Figs. 5 and 6, the behavior of the mixed-interface configurations repre- 

sented in Figs. 7 and 8 is somewhat surprising. 

Two contact combinations are illustrated in Figs, 7 and 8, in which the 

heat-flow directions and the surfaces comprising the interfaces are different. 

Both cases show a trend for the thermal conductance to decrease with increas- 

ing average interface temperature. For the molybdenum-steel interface this 

trend was reversed at the higher interface temperatures, whereas for the 

steel-molybdenum interface the decreasing trend continued to the highest tem- 

peratures attainable with the apparatus. It might be well to emphasize that 

the interface of Fig. 7 is not the same as the interface of Fig. 8 with just 

the heat-flow direction changed, 

The reasons for the decreasing trend in the data shown in Figs, 7 and 8 

are nebulous, Since the thermal conductance of an interface is a strong func- 

tion of the manner in which the surfaces of the interface make contact, and 

since the behavior of the like interfaces gave no indication of the behavior 

of the mixed interfaces of Figs. 7 and 8, the explanation probably is con- 

nected somehow with the dissimilar natures of molybdenum and stainless 

steel 304, 

It is of interest to note that Barzelay et a16 [21 report the thermal. 

conductance of some stainless steel 416 and aluminum joints, The thermal 

conductance tended to decrease with increasing average interface temperature. 

This effect was attributed by them to warping of the materials, particularly 

the SS 416, which severely affected the surface matching at the interface. 
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. 
The overall configuration of the present test is similar to that of [2]. 

Qyelitat5s.ely the r e s n l t s  in the rll~c.ps nf mnlyhd.~nii.m - SS 504 c o n f i  gurations 

in this experiment are similar to SS 416 - aluminum results of [21. A tend- 

ency for the thermal conductance to decrease with increasing average inter- 

face temperature was observed in both cases. Further, the thermal conductance 

is lower when -the heat flows from the stronger material to the weaker than 

when the heat flows from the weaker material to the stronger, This last 

effect is probably associated with the temperature dependence of the tensile 

strengths of the materials. 

If warping of the stainless steel were the major cause of decreasing 

thermal conductance with increasing temperature, it would be expected that 

an interface composed of two stainless steel surfaces would also exhibit 

some tendency for the thermal conductance to decrease with increasing tem- 

perature. This was not the case for the stainless steel 416 interfaces of 

[21 or the stainless steel 304 interfaces of the present tests, 

Even though stainless steel is common to the present investigation and 

that of [2], it is perhaps more significant that the mixed-interface con- 

figurations of the present tests and those of [2] involved two materials of 

very different physical properties, 

The tendency of the thermal conductance to decrease with increasing tem- 

perature in the mixed-interface configurations could, perhaps, be due to a 

reduction in the number of contact sites brought about by the different reac- 

tions of the surface materials to temperature changes, 
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TABLE 1- - SURFACE AND INTXRFACE 

Surface 

Mol 

ssl 

MOZ 

SSZ 

Material 

Molybdenum 

Molybdenum 

SS 304 

SS 304 

Surface 
roughness, 

p in. 

Mol-Mo2 

Mol-SS2 

Surface 
area, 

0.6207 

.8012 

-6940 

Mol to Mo2 .6207 

Mol to SS2 6207 

.7850 I 
(b) Interface characteristics 

1 I 1 

area, 

SS1-SS.2 I SS1 to SS2 I 0.6940 I 1 SS1 to Mo2 I .7353 I SS1-Mo2 
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Fig. 1. - Thermal conductance a p p a r a t u s .  

F ig .  2 ,  - Thermal conductance apparatus ,  
e x t e r n a l  view. 
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Fig. 3. - Thermal conductance apparatus ,  
view of t es t  sec t ion .  
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Fig. 6 .  - Thermal conductance of molybdenum-molybdenum. Ambient p re s su re ,  Torr; 

s u r f a c e  roughness. 16 win. 
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Fig. 7. - Thermal conductance of molybdenum-stainless steel 304 (heat flow from 
molybdenum to stainless steel 304). Ambient pressure, 10-6 T o r r ;  surface 
roughness, 16 win. 
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Fig. 8. - Thermal conductance of stainless steel 304 and molybdenmum heat 
f l o w  from ss 304 to molybdenmum surface roughness 16kin.; ambient pressure 
10-6 Torr. 
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